Abstract : The VLF (Very Low Frequency) / LF (Low Frequency) receiving network has been established in Japan, which is composed of seven observing stations (Moshiri (Hokkaido), Chofu (Tokyo, UEC, University of ElectroCommunications), Tateyama (Chiba), Shimizu (Shizuoka), Kasugai (Aichi), Maizuru (Kyoto) and Kochi (Kochi)), and three additional foreign stations have been established in Kamchatka, Taiwan and Indonesia. At each station we observe simultaneously several VLF/LF transmitter signals (two Japanese transmitters with call signals fo JJY (Fukushima), JJI (Miyazaki)), and foreign VLF transmitters (NWC (Western Australia, Australia), NPM (Hawaii, USA), NLK (Washington, USA)). This Japanese VLF/LF network is used to study the ionospheric perturbations associated with earthquakes, and we present two recent results; (1) a statistical result on the correlation between VLF/LF propagation anomalies and earthquakes, and (2) the latest results during the last six months on the two particular propagation paths; JJY-Moshiri and JJY-Taiwan. Then, we discuss the correlation of ionospheric perturbations with earthquakes in the sense of a possibility of earthquake prediction by means of VLF propagation anomalies.
Introduction
In order to mitigate the earthquake (EQ) disaster, the EQ prediction is of primary importance for human beings. In spite of the essential social requirement of short-term (of the order of a month to a few days) EQ prediction, it was far from realization. The situation for the short-term EQ prediction has drastically changed during the last ten years since the Kobe EQ in 1995. The conventional EQ prediction had been based on the measurement of crustal movements, but this kind of mechanical measurement has been concluded to be not so useful in the short-term EQ prediction. Then, we have had a new wave of the measurements by means of electromagnetic effects, and we have accumulated a lot of evidence that electromagnetic phenomena take place in a wide frequency range prior to an EQ [e.g., [1] - [3] ]. While the mechanical effect provides us with the 0th-order (or macroscopic) information on the lithosphere, the higher-order (microscopic) information can only be tackled by electromagnetic effects.
The electromagnetic method for EQ prediction can principally be classified into two categories: One is the detection of radio emissions from the hypocenter, and the other is to detect an indirect effect of EQs taking place in the atmosphere or ionosphere by means of the pre-existing radio transmitter signals (we call it "radio sounding (or probing)"). As the result of the research during the last ten years, it has been a consensus that the ionosphere is unexpectedly extremely sensitive to the seismic effect [e.g., [4] - [7] ], which is the topic of this paper. Figure 1 illustrates various kinds of electromagnetic phenomena associated with EQs and the possible mechanisms. In the figure, there are indicated a few possible channels of seismoionospheric perturbations due to the pre-seismic lithospheric effect. 
The Use of Subionospheric VLF/LF Propagation as a New Methodology
Most of the energy radiated by such VLF/LF transmitters is trapped between the ground and the lower ionosphere, forming the Earth-ionosphere waveguide. Subionospheric VLF/LF signals reflect from the D-region of the ionosphere, probably the least studied region of the Earth's atmosphere. That is, the only JCMSI 0001/10/0301-0010 c 2009 SICE possible method of probing this D-region is subionospheric VLF/LF radio transmitter signals [4] . So that, when the lower ionosphere is perturbed by any agents including solar flares, magnetic storms, lightning discharges, seismicity, their effects can be detected in the form of VLF/LF propagation anomalies. Figure 2 illustrates our Japanese VLF/LF network consisting of several observing stations (Moshiri (abbreviated as MSR in Fig. 1 ), Chofu (CHF), Tateyama Chiba (TYM), Shimizu (SMZ), Kasugai (KSG), Maizuru (MZR) and Kochi (KCH)), and we simultaneously detect several VLF/LF transmitter signals (including two Japanese transmitters JJY (40 kHz, in Fukushima prefecture) and JJI (22.2 kHz, in Miyazaki prefecture) and foreign transmitters, NWC (Western Australia, Australia), NPM (Hawaii, USA) and NLK (Washington, USA)) [5] . Two additional receiving sites are added to our Japanese network: Kamchatka (KCK) in Russia and Taiwan (TWN). The VLF/LFsystem includes (i) VLF/LF preamplifier, (2) GPS system, (3) service unit, (4) sigma-delta sound card. The data recorded at each station are transferred to the master station (UEC) every data for further data analysis as shown in this paper. 
Recent Activities on Seismo-Ionospheric Studies and Latest Results
In order to make it more convincing that the lower ionosphere is really perturbed prior to an EQ, we have been performing simultaneously two directions of research; (1) Case studies (studies for any specific EQs, our latest one is the 2004 December 26, Sumatra EQ [6] , [7] ) and (2) statistical studies (to investigate the statistical correlation between propagation anomalies and EQs) [7] - [10] .
So, the purpose of this paper is to present first a statistical study on the correlation of VLF propagation anomalies with EQs based on long-term data, and then to show the recent observational VLF results diring the last six months in order to check whether the data druing this period are consistent with the above statistical conclusion or not.
Statistical Study on the Correlation between Ionospheric Perturbations and EQs
It is highly required to undertake any statistical study on the correlation between ionospheric disturbances and EQs based on abundant data source. Here we pay particular attention to the EQs occurring in and around Japan, so that we take a wave path from the Japanese LF transmitter, JJY (40 kHz) (geographic coordinates; 36.18
• N, 139.85
• E) and a receiving station of Kochi (KCH) (33.33
• N, 133.32
• E), and the distance between the transmitter and receiver is 770 km.
Diurnal variations of the amplitude and phase of subionospheric VLF/LF signal are known to change significantly from month to month and from day to day. Therefore, following our previous works [8] - [10] , we use, for our analysis, a residual signal of amplitude dA(t) defined as follows:
where A(t) is the amplitude at a time t on a current day and < A(t) > is the corresponding ampitude at the same time t averaged over ±15 days of the current day (15 days before and 15 days after the current day). Two physical quantities; (1) nighttime average amplitude (we sometimes call trend) and (2) nighttime fluctuation, are treated. Figure 3 illustrates the result of superimposed epoch analysis by Maekawa et al. [10] during six years. In the figure, the day on the abscissa is defined as follows: day zero indicates the EQ day, and minus (plus) means that the phenomenon takes place before (after) the EQ. The important 2σ (σ: standard deviation) lines are plotted for the statistical test. As the result of statistical analysis, we have come to the following conclusions.
(i) The nighttime average amplitude (or trend) is found to show a definite decrease before the EQ (2-5 days before the EQ), for large EQs (with magnitude greater than 6.0), and this decrease exceeds the 2σ (σ: standard deviation) criterion.
(ii) The nighttime fluctuation is also found to be extremely enhanced (exceeding the corresponding 2σ criterion) before the EQ with magnitude larger than 6.0.
(iii) The above two effects (nighttime average amplitude and nighttime fluctuation) are also recognized even for EQ magnitude greater than 5.5, but the effects are not so statistically significant.
In the above analysis we pay no attention to other possible effects of ionospheric perturbations such as solar flares, geomagnetic storms and lightning discharges. Because the two agents of solar flares and lightning discharges are too short-lived, their effects are easily identified and there is no effect in the above analysis. The only possible agent for ionospheric perturbation is the geomagnetic storms, but we know that the duration of this effect is of the order of one day, much smaller than the seismic effect.
Latest VLF/LF Results during the Last Six Months
Again we pay attention to the Japanese transmitter, JJY, and we look at the propagation paths in Fig. 4 ; JJY-MSR and JJY-TWN. By using these two paths, we can cover the whole Japan. North Japan can be monitored by the path, JJY-MSR, while the rest of Japan including Okinawa and Taiwan, by the path, JJY-TWN. A curve for each path with one transmitter and one receiver in Fig. 4 is called the wave-sensitive area, and any EQs within the sensitive area induce some effects on the VLF propation characteristics (amplitude and phase) at the receiver. It is estimated as based on the observational and theoretical aspects that the 5th Fresnel zone is most acceptable as the wavesensitive area [5] , [6] , so that the 5th Fresnel zone is plotted for each path in Fig. 4 . Unlike in the previous section, we take −1 to −30 days (minus means before the relevant day) of a particular day. This is based on our prediction-intended study. We first explain the simpler case of LF propagation of JJY-TWN in Fig. 5(a) . There happened three EQs in the Fresnel zone of this propagation path, which are indicated at the top of the figures. The 1st EQ is Okinawa EQ on April 18, with M (magnitude) =5.1 and d (depth) =28 km. As is already found in our statistical study in the previous section, we know that the trend decreases and nighttime fluctuation increases simultaneously before (a few days to about one week) the EQ. We find that the simultaneous increase in nighttime fluctuation and decrease in trend are observed about one week before this EQ. Next EQ took place in Taiwan, with M=6.3 and d=35 km. A few days before this EQ, we find a peak with its trend just at the 2σ line and with its nighttime fluctuation nearly approaching the 2σ line. As regards the last and strong EQ in Fukushima on 19 July, there are observed a few peaks (two weeks to less than one week) with their simultaneous increase in nighttime fluctuation and with their decrease in trend. These are highly likely to be a precursor to this huge EQ. One more thing to add is that there are no significant changes in both parameters when there is no EQ.
We are then ready to examine a more interesting Fig. 5(b) for the path from JJY to MSR, where we had a lot of huge EQs as shown in the top of Fig. 5(b) . The first EQ is at Aomori (with M=5.4 and d=41 km), and, in correspondence with this EQ, there is observed one broad peak just around the EQ. We move on to the next EQ, Akita EQ on April 14 (M=5.8 and d=166 km). The EQ magnitude is large enough but too deep, so that we have observed completely no response in the LF propagation. In early May there is no EQ, and the propagation properties are found to be very stable. In June there were two EQs, closely spaced in time; June 1 (Miyagi EQ, M=5.1 and d=48 km) and June 13 (this is called Miyagi-Iwate EQ, M=6.9 and d=7 km). We can find from the figure that there are two maxima both in nighttime fluctuation and trend. For example, there are a few days with increase in nighttime fluctuation exceeding 2σ and decrease in trend exceeding −2σ, which are likely to be precursors. Then, the last EQ is Iwate EQ (M=6.8 and d=108 km). Normally, this depth of 100 km is a marginal value for having the ionospheric perturbation [10] , but the huge magnitude (M=6.8) of this EQ enabled us to have a significant peak about one week before the EQ. Also, there are observed a few peaks even after the EQ, which are probably the effects of aftershocks. Again we have to mention that there is no significant change in both parameters when there is no EQ, i.e., in early May and in early July.
Lastly we have to comment on the propagation properties for other paths for the same EQ treated in Fig. 5 . As related with Fig. 5(b) , we have confirmed that there were observed completely no propagation anomalies for the path from NPM (Hawaii) to MSR becaue the EQs were away from the relevant path. When a certain EQ is found to be located within the fifth Fresnel zone of any other neighboring propagation path, we have found the similar effect on the relevant path. By making full use of the different in propagation paths, Yamauchi et al. [11] have succeeded in inferring the possible size of the seismo-ionospheric perturbation.
Conclusion
We have described the use of subionospheric VLF/LF propagation anomalies to study seismo-ionospheric perturbations. By making full use of Japanese and Asia-Pacific VLF/LF network we established, we have presented some of our recent activities. First, a significant statistical correlation between VLF/LF propagation anomaly including a decrease in nighttime average amplitude (trend) and an enhancement in nighttime fluctuation and EQs with larger magnitude (e.g., M≥6), was presented on the basis of six years data. Then, the latest results on the correlation of propagation anomalies (again trend and nighttime fluctuation) with EQs during the last six months were presented for the two propagation paths; JJY-MSR to cover the north Japan and JJY-TWN to cover the rest of Japan including Okinawa and Taiwan. These results were found to be consistent with the previous statistical conclusion. Finally, the readers can see the possibility of the use of VLF/LF signals in EQ prediction.
